A conventional vacuum thermal evaporation (VTE) system has been extended to a roller-VTE system with a moving substrate-holder to realize large-area organic film deposition. The multidimensional movement of the substrate-holder guarantees excellent uniformity of the large-area pentacene thin films. An 85-nm-thick pentacene film with a relative standard deviation as low as 2.7% is demonstrated within a 300 mm Â 500 mm area. Thin film transistor arrays are then fabricated using the uniform pentacene films. The average transistor mobility is up to 0.85 cm 2 /V s with a relative standard deviation of 10%.
I. INTRODUCTION
Organic electronic devices have inherent advantages of simple fabrication processes, low costs, compatibility with flexible substrates, near-ambient fabrication temperatures, and the potential for large-scale mass production. Thus, they are promising for applications in next-generation electronic devices and integrated circuits. 1, 2 For example, pentacene-based thin-film transistors (TFTs) have attracted much attention due to their high electrical performance and device stability. 3 The goal is to fabricate small-molecule organic thin film transistors (OTFTs) on large flexible substrates with high performance, good uniformity, and high throughput. Many techniques have been tried to achieve these characteristics, including organic vapor phase deposition, [4] [5] [6] vacuum thermal evaporation (VTE), [7] [8] [9] flash evaporation, 10 and the web coating technique. 11 VTE is one of the most widely used techniques in the processing of semiconductor devices because of the relative simplicity of the process and high quality of interface control, which is particularly helpful for multilayered electronic devices. 9 So far, apart from single crystals, OTFTs with the best charge carrier transport properties have been fabricated using the VTE technique. 7, 8 However, the waste of organic material is significant and the uniformity of the thin film is poor due to the point source used in the conventional VTE technique. Several kinds of evaporation sources, including linear source and area source, have been developed to improve the deposition rate, lower the material waste, and make the uniformity better. With linear source, however, it is difficult to guarantee the film uniformity along the direction of the rotation axis. It is also complex in structure design and much more expensive compared with point source. 12 For area source, large-area deposition is difficult to achieve as well (i.e., increasing the substrate size requires the size of the area source to be increased).
In this study, we applied a conventional VTE to a roller-VTE technique with a cylindrical substrate-holder, which is mobile in multiple dimensions. This roller-VTE system can deposit both the organic semiconductor films and the metal electrodes in large areas. Compared with other source VTE systems, the roller-VTE system has a simpler source design and less stringent temperature control requirements. We demonstrate that this novel technique achieves high uniformity of film thickness, high quality of pentacene film morphology, good reproducibility of electrical characteristics, and excellent performance for the deposited OTFTs on a 300 mm Â 500 mm substrate.
II. EXPERIMENT
A. Roller-VTE system Figure 1 shows a schematic drawing and a photograph of the roller-VTE machine. A cylindrical roller used as a sample "holder" is situated on a pair of tracks. The roller, a cylinder of 160 mm in outer diameter and 300 mm in length, is able to mount a flexible substrate with maximum dimensions of 300 mm Â 500 mm. The roller can reciprocally travel along a horizontal axis (X) at a speed (V H ) from 1 to 15 mm/ s (moving back and forth when meeting the photo switches), and self-rotate around the X axis at an angle speed (x) from 0.3 to 2.7 rad/s, simultaneously. The maximum horizontal movement along the X axis is 500 mm to avoid the edge effect. In principle, this design can be extended to deposit on a larger sheet by enlarging all the parts in scale. The motors for power transportation in horizontal and rotational directions are placed outside the vacuum chamber to keep high vacuum in the deposition chamber. The power transportation is coalesced utilizing a magnetic flux connection. The Knudsen cells for organic semiconductors and a thermal evaporation source for metal materials are situated at the bottom of the deposition chamber. The length of the deposition window on the horizontal axis is 126 mm, limited by a shutter a) Author to whom correspondence should be addressed; electronic mail:
jiangch@nanoctr.cn between the sources and the roller. Three quartz oscillators are positioned over the evaporation sources for real-time monitoring of film growth rate. The deposition chamber is equipped with a load lock on the other side, allowing for fast loading and unloading of samples.
B. Calibration of pentacene film deposition
Pentacene (purity 97% from Aldrich Co.) was used as received without further purification. 13 The beam distribution for the organic source was calibrated by a flexible polyethylene terephthalate (PET) sheet over a 200 mm Â 200 mm area. The PET sheet was mounted onto the cylindrical roller surface and held in place during film deposition. A static deposition rate (R S ) was defined as the maximum thickness of the beam spot on the static roller surface divided by the deposition time, and the monitor values of the crystal oscillators were calibrated to the Rs. The thickness uniformity for the curved film was calibrated by measuring the film thickness of many 15 mm Â 15 mm SiO 2 wafers that were homogeneously attached to the roller surface. During pentacene deposition, the chamber pressure was kept under 6 Â 10
À5
Pa. Film thicknesses were measured postgrowth using a surface profiler (Dektak-150, Veeco Co.) and an atomic force microscope (AFM) by tapping mode (Nanoscope III, Veeco Co.). 14 
C. Pentacene-based TFT fabrication and characterization
Two kinds of top-contact pentacene-based TFTs were fabricated on the following substrates: small pieces of highly doped nþþ silicon wafers 15 mm Â 15 mm in size, and PET foils with indium tin oxide (ITO) coated surfaces. PET-ITO foils of 100 mm Â 100 mm in size were selected based on the wafer size limitation for the spin-coating machine. The PET-ITO sheet resistance was 200 X/h and the root-meansquare roughness was 4.4 nm based on AFM measurements in 10 mm Â 10 mm areas. Polystyrene (PS) (Alfa Aesar, molecular weight ¼ 100 000) was dissolved in toluene with a concentration of 5 wt. %, then spin-coated onto the two above-mentioned substrates at 2800 rpm by spin processor (Laurell Technologies Co.), and baked at 85 C for 8 h in a vacuum oven to remove residual solvent. The final thickness of the PS was 425 6 20 nm. Pentacene films with thicknesses of approximately 50 nm were grown onto these PS-treated substrates by using the roller-VTE system at room temperature, with R S ¼ 0.28 nm/s, V H ¼ 10 mm/s, and x varying from 1.1 to 2.7 rad/s. After pentacene deposition, 40-nmthick Au source-drain electrodes were deposited onto the pentacene layer through a flexible metal shadow-mask in the same roller-VTE system. The channel length and channel width of the OTFTs were 50 and 2000 mm, respectively. The structure of a pentacene-based TFT is shown in Fig. 2 .
The morphology of the pentacene films was characterized by AFM using the tapping mode. The current-voltage characteristics of the TFTs were measured by a Keithley-4200 semiconductor characterization system at ambient temperature and a relative humidity of 50%. The capacitance was measured by an integrated capacitance-voltage measurement unit in the Keithley-4200 (Model 4200-CVU) at 1 MHz. After device fabrication, samples were immediately characterized. Although the OTFTs were typically exposed to ambient conditions for up to 12 h, there was no noticeable deterioration due to the OH-free PS, which can sustain their stable operation in air. 15 
III. RESULTS AND DISCUSSION
A. Uniformity of the pentacene films One of the most important criteria for the roller-VTE system design was that it is able to achieve high uniformity for film deposition. The film deposition process on a moving curved substrate for the roller-VTE system was considered as follows. The point on the roller moves periodically along a spiral curve that reflects at the photo switches. Only where the point moves across the beam spot of the organic source will the molecules deposit on it. However, every point on the roller surface has a chance to move across the beam spot given its multidimensional movement. Figure 3(a) shows the beam deposition rate distribution, which was calibrated at 20 mm intervals over a 200 mm Â 200 mm area and plotted by the interpolation method. The cut-off edges in the blue areaare caused by the shutter between the source and the roller-holder.
Figures 3(b) and 3(c) show a thickness mapping and a statistical histogram of a typical pentacene film over 300 mm Â 500 mm areas at the deposition time of 2400 s with R S ¼ 0.56 nm/s, V H ¼ 10 ms, and x ¼ 1.8 rad/s. The film thickness is measured for more than 42 wafers. The distribution of film thickness values is shown to be consistently described by a Gaussian function. The average thickness of the pentacene films is 85 6 5 nm and the relative standard deviation (RSD) over the whole sheet is 2.7%. Figure 3(d) shows the standard deviation and RSD of film thickness dependence on deposition time. The RSD decreased from 7.6% to 3.2% when the deposition time increased from 440 to 1200 s. When the deposition time is longer than 1900 s, the RSD dropped below 2.7%. In the roller-VTE system, the uniformity of the deposited film is guaranteed by multidimensional movement of the roller surface. The differences in RSD at varying deposition times are believed to arise from the heterogeneous average deposition rate along the trajectory of the roller point when it moves across the curved deposition area within limited periods of translational movement. It should be noted that all the standard deviations were less than 2.5 nm for each tested deposition time. The small standard deviations and RSDs demonstrate the roller-VTE system's ability to generate highly uniform pentacene thin films (a simulation of the thickness distribution on the moving roller surface will be discussed elsewhere).
Although a conventional Knudsen cell was used in our roller-VTE system, high deposition efficiency was achieved. For instance, when we convert the deposition efficiency for the 300 mm Â 500 mm substrate to a 4 in. substrate using R S ¼ 0.56 nm/s, the expected growth time for a functional 30-nm-thick pentacene film is only about 46.7 s. In addition, the deposition rates could be easily improved by using other highly efficient organic sources or simply increasing the number of Knudsen cells.
This roller-VTE technique also leads to high efficiency of material usage, simply because molecules absorbed on the curved roller contribute to form a uniform film. In a conventional VTE system, the efficiency of material usage is low because the beam spot of the source must be larger than the substrates in order to obtain uniform films. In principle, if we make the distance between the Knudsen cells and the substrates sufficiently short, most molecules can deposit on the substrates. Considering the longitudinal travel length (500 mm) is larger than the length of the roller (300 mm), the efficiency of the material usage can be close to 60%. In addition, continuous operation for several months demonstrated that the roller-VTE system was highly robust.
B. Performance of the pentacene-based TFT devices
Figure 4(a) shows an AFM image of a 50-nm-thick pentacene film deposited with a deposition time of 3000 s on a PS-modified substrate by the roller-VTE system, with R S ¼ 0.28 nm/s, V H ¼ 10 mm/s, and x ¼ 1.8 rad/s. The morphology resembles the large dendrite grains that are usually obtained in static pentacene growth at a low deposition rate, 14 where the pentacene growth can be described by a quasi-Stranski-Krastanov mode. [16] [17] [18] In contrast, as shown in Fig. 4(b) , the bulkier needle-like grains appear under R S ¼ 0.28 nm/s while keeping the roller stationary. A threedimensional growth mode was inferred based on the observation that the noncontinuity of the deposition film was introduced when such a high growth rate was used. The differences observed between Figs. 4(a) and 4(b) are likely a result of the variation in the number of molecules deposited onto the growth surface in a given time. In the former case, the molecule number is dispersed since the point on the roller is periodically exposed to the incidental molecular beam. Therefore, a much higher static deposition rate setting can be used in the roller-VTE system compared with conventional VTE systems. Figure 5 (a) shows superimposed transfer curves of the 42 pentacene-based TFTs, which were fabricated on Si substrates with R S ¼ 0.28 nm/s, V H ¼ 10 mm/s, and x ¼ 1.8 rad/s, and then distributed homogeneously onto the roller-holder. The similar transfer curves of the 42 TFTs indicate the reliability and excellent reproducibility achieved using the roller-VTE system. Figure 5 (b) shows typical output curves of the TFTs. Figure 6 shows the relationship between the mobilities of the pentacene-based TFTs and roller angular velocities for V H ¼ 10 mm/s and R S ¼ 0.28 nm/s. Mobilities were calculated in the saturation regime by the standard relationship
where I DS is the source-drain saturated current, C i is the gate dielectric capacitance per unit area (5.4 nF/cm 2 for our case), V G is the gate voltage, and V T is the threshold voltage. The saturation mobility was estimated based on both the source-drain voltage and V G at À60 V.
The average saturation mobility for the 42 pentacene-based TFTs (fabricated with x of 1.8 rad/s) was 0.88 6 0.12 cm 2 / V s, and the RSD of the mobility over a 300 mm Â 500 mm area was less than 10%. The average threshold voltage was À24.7 V with a RSD of 10% and the on/off ratio was more than 2 Â 10 5 . The variations in mobilities and threshold voltages were comparable to variation noted for small substrates using conventional VTE systems by other research groups. 13, 15, 19 The mobilities showed little change when x changed from 1.1 to 2.7 rad/s. This indicates that the roller-VTE system has the ability to obtain high-performance OTFTs with a high degree of reproducibility over large areas (300 mm Â 500 mm) under a wide angular velocity range.
OTFT arrays, as shown in the inset in Fig. 6 , also were fabricated on a PET-ITO sheet using the roller-VTE system. The pentacene-based TFTs showed good electrical performance. The average saturation mobility (extracted from more than 20 random TFTs) for pentacene grown with R S ¼ 0.28 nm/s, V H ¼ 10 mm/s, and x ¼ 1.8 rad/s, was 0.42 6 0.04 cm 
IV. CONCLUSIONS
A roller-VTE system has been developed and optimized for deposition of uniform organic thin films in large areas. It was demonstrated that pentacene thin film deposition by the roller-VTE system produced film thicknesses with RSD as low as 2.7% over a 300 mm Â 500 mm area. The morphology of the pentacene films did not suffer from high static growth speeds. The pentacene-based TFTs made using the uniform pentacene films showed excellent electrical properties and good uniformity as well. It is proposed that this technique could improve production efficiency and consume material more effectively than conventional VTE techniques. The roller-VTE system provides a possible tool for depositing uniform organic film on large flexible substrates on laboratory scale and may be a promising candidate for mass production in large-area organic electronics manufacturing when combining with jet printing and contact stamping techniques.
